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Summary
Inmotile fibroblasts, stablemicrotubules (MTs) are ori-
ented toward the leading edge of cells [1]. How these
polarized MT arrays are established and maintained,
and the cellular processes they control, have been
the subject of many investigations. Several MT ‘‘plus-
end-tracking proteins,’’ or +TIPs [2], have been pro-
posed to regulate selective MT stabilization, including
the CLASPs [3], a complex of CLIP-170, IQGAP1, acti-
vated Cdc42 or Rac1 [4], a complex of APC, EB1, and
mDia1 [5], and the actin-MT crosslinking factor ACF7
[6]. By using mouse embryonic fibroblasts (MEFs) in
a wound-healing assay, we show here that CLASP2
is required for the formation of a stable, polarized MT
array but that CLIP-170 and an APC-EB1 interaction
are not essential. Persistent motility is also hampered
in CLASP2-deficient MEFs. We find that ACF7 regu-
lates cortical CLASP localization in HeLa cells, indicat-
ing it acts upstream of CLASP2. Fluorescence-based
approaches show that GFP-CLASP2 is immobilized
in a bimodal manner in regions near cell edges. Our
results suggest that the regional immobilization of
CLASP2 allows MT stabilization and promotes direc-
tionally persistent motility in fibroblasts.
Results and Discussion
CLASP2 Regulates MT Stability and Directionally
Persistent Motility in MEFs
We generated a Clasp2 knockout allele by using homol-
ogous recombination in embryonic stem (ES) cells
(Figure 1A). Mouse embryonic fibroblasts (MEFs) were
derived from E13.5 day Clasp2 knockout embryos and
wild-type littermates. RT-PCR analysis showed that
CLASP2 mRNA expression downstream of the targeting
site is abolished in knockout MEFs (see Figure S1A in
the Supplemental Data available online). Western-blot
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duced in the knockout fibroblasts (Figure 1B). The levels
of tubulin (Figure 1B), CLASP1, CLIP-115 and -170, EB1,
p150Glued, and actin (Figure S1B) were similar inClasp2
knockout and wild-type MEFs.
In spite of the intrinsic dynamic nature of MTs [7],
a subset of these fibers is stable and does not appear
to undergo net growth or shrinkage [8]. In migrating
cells, polarized, stable MTs are posttranslationally mod-
ified and can be specifically stained by antibodies [1].
We examined whether Clasp2 knockout cells could
form stable MTs efficiently in a wound-healing assay
[9]. In wild-type and Clasp2 knockout fibroblasts, MT ar-
rays were present after serum induction (Figures S2A–
S2D). Furthermore, CLASP1, EB1, EB3, CLIP-115, and
CLIP-170 (Figures S2I–S2X and data not shown) were
detected at MT ends in both cell types. However, the for-
mation of stable MTs, as measured with antisera against
acetylated tubulin (Figures 1C and 1D) and detyrosi-
nated (glu-tub) a-tubulin (Figures S2E–S2H), was ham-
pered in knockout cells. Quantification of fluorescent
signals revealed that the ratio of total MTs in knockout
versus wild-type MEFs was 89% (p < 0.05), whereas
that of stable MTs was 52% (p < 0.0001; Figure 1D).
Cold- and nocodazole-resistant MTs represent dis-
tinct subsets of stable MTs [10, 11]. Their levels are re-
duced in Clasp2 knockout MEFs (Figures 1E and 1F),
confirming that a CLASP2 deficiency affects stable
MTs. Western-blot analysis indicated that in Clasp2
knockout cells, the formation of stable MTs is hampered
in the first hours of wound healing (Figure S3F). Because
stable MTs are not absent in Clasp2 knockout cells,
CLASP2-independent pathways of MT stabilization
must also exist. For example CLASP1, which is ex-
pressed in MEFs, could partially substitute for CLASP2.
CLASP2 is not essential for centrosome repositioning
(Supplemental Data and Figure S3A). However, immu-
nofluorescent stainings revealed polarity defects, which
could be related to cell migration, in Clasp2 knockout
MEFs (Supplemental Data and Figures S3B–S3E). To
test the effect of a CLASP2 deletion on intrinsic cell mo-
tility [12], we measured both total and directionally per-
sistent migration velocities of MEFs, after attachment of
cells on fibronectin-coated coverslips and stimulation
with basic fibroblast growth factor (Figures 1G and
1H). The results suggest that a CLASP2 deficiency has
no effect on the total migration distance of MEFs but re-
duces their effective migration by a factor of two. We
conclude that MTs stabilized by CLASP2 serve a role
in directionally persistent migration. Our results link
the asymmetric distribution of stable MTs to a highly
polarized cell behavior.
Roles of CLIP-170 and an APC-EB1 Interaction
in the Formation of Stable MTs
An interaction between CLIP-170 and CLASPs [3], as
well as complexes of CLIP-170, IQGAP1, activated
Rac1 or Cdc42 [4], and of APC, EB1, and mDia1 [5],
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(A) Targeting of the murine Clasp2 gene. A GFP-lox-neo-lox cassette was inserted into a common exon used by all-known CLASP2 mRNA splice
variants (common exon 2). The neo gene is transcribed antisense with respect to theClasp2 gene. Length of 50-end and 30-end homologous arms
is indicated. RI stands for EcoRI restriction enzyme site; TK stands for thymidine kinase negative-selection marker. LoxP sites are indicated by
triangles.
(B) Western-blot analysis. Protein extracts of two wild-type (lines 1 and 8) and two CLASP2-deficient (lines 2 and 6) MEF lines were incubated on
western blots with antibodies against CLASP2 (#2358) and b-tubulin.
(C) Levels of acetylated MTs. Wild-type and Clasp2 knockout MEFs were fixed 4 hr after migration into a wound. Cells were incubated with
antibodies against acetylated tubulin, a marker for stable MTs. An arrow (20 mm) indicates the direction of cell migration.
(D) Comparison of acetylated and total MTs. Fluorescent intensities of acetylated tubulin and b-tubulin stainings were quantified for wild-type
and Clasp2 knockout MEFs 4 hr after migration into a wound. More than 50 cells were measured from each genotype and for each staining. SEM
is indicated.
(E) Cold-resistant MTs in motile MEFs. After cold-treatment, wild-type andClasp2 knockout MEFs were fixed and stained with antibodies against
b-tubulin.
(F) Nocodazole-resistant MTs in motile MEFs. After treatment with 10 mM nocodazole, wild-type and Clasp2 knockout MEFs were fixed and
stained with antibodies against b-tubulin. The scale bar represents 10 mm.
(G and H) Cell-motility assay. Total and directionally persistent migration distance were measured in wild-type (line 8) and Clasp2 knockout (line
6) MEFs. The directionally persistent migration (D/T) is the ratio of direct distance from start to end point (D), divided by the total track distance
(T). Of each genotype, 30 cells were measured (SEM is indicated); each individual track is shown in (G).have all been proposed to play a role in the stabilization
of MTs at the leading edge of cells. We recently de-
scribed Restin (Rsn) knockout mice and MEFs and
showed that, apart from a mislocalization of dynactin,
cultured fibroblasts lacking CLIP-170 have no obvious
phenotype [13]. By using the wound-healing paradigm,
we could not detect an effect of a CLIP-170 deletion
on stable MTs (data not shown).
To examine the function of an APC-EB1 interaction,
we performed wound-healing experiments with MEFs
from mice with a truncated Apc allele [14]. In these cells,
APC translation is interrupted at amino acid residue
1638 (APC1638T), and mutant APC can not interact
with EB1 or EB3. By using two wild-type and two
Apc1638t cell lines, we detected similar levels of stable
MTs after 4 hr in the wound-healing assay (Figures 2A–
2D and 2G). Both EB1 (data not shown) and EB3 (Fig-
ures 2E and 2F) localized at the ends of MTs in
Apc1638t and wild-type fibroblasts. These data argue
against essential roles for CLIP-170 and an APC-EB1
interaction in the formation of stable MTs in motile
fibroblasts.ACF7 Regulates Cortical Localization
of CLASP2 in HeLa Cells
Another factor implicated in selective MT stabilization
and directed cell migration is the spectraplakin ACF7
[6]. We explored a putative link between ACF7 and
CLASPs in HeLa cells because, in contrast to MEFs,
these cells can be efficiently transfected with siRNAs.
Moreover, CLASPs have been shown to localize at the
cell cortex of HeLa cells and to regulate MT dynamics
at this position [15]. These data indicate that the cell
edges of HeLa cells and of migrating fibroblasts share
functional characterstics. We recently found that the
protein LL5b interacts with the C terminus of CLASPs
and may form cortical platforms, to which CLASPs at-
tach distal microtubule ends [16]. Like CLASP2, LL5b
is localized at the cortex of HeLa cells and the leading
edge of migrating fibroblasts.
The localization of ACF7 and CLASP2 in HeLa cells
overlapped, especially at the cell cortex and in areas
of cells that did not make contact with other cells (Fig-
ures 3A–3C). Cortical ACF7 distribution actually resem-
bles that of the CLASP-interaction partners LL5b and
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a partial depletion of ACF7 with two different oligos (Fig-
ures 3E and 3H), whereas a scramble oligo did not cause
a knockdown (Figure 3B). Strikingly, ACF7 depletion re-
sulted in the partial disappearance of CLASP2 signal at
the cell cortex of HeLa cells (Figures 3D, 3F, 3G, and
3I). We obtained similar results with GFP-CLASP2 in
live cells; in untreated cells, GFP-CLASP2 accumulated
at the cell cortex (Figure 4A), whereas in ACF7-depleted
cells, this was not the case (data not shown).
A combined knockdown of CLASP1 and CLASP2 did
not have an obvious effect on ACF7 localization (Figures
3J–3L). These results are similar to our LL5b knockdown
data [16] and indicate that in HeLa cells, ACF7 acts up-
stream of CLASPs. ACF7 might interact directly with
CLASP2, in light of the fact that we identified ACF7 pep-
tides by mass spectrometry in a recent pulldown of po-
tential CLASP2-associated proteins (data not shown).
We noted previously that LL5b-independent mecha-
nisms of CLASP attachment to the cell cortex exist
[16]. Whether ACF7 acts independently of, or in conjunc-
tion with, LL5b (and ELKS) remains to be determined.
Dynamic Behavior of GFP-CLASP2 in HeLa cells
In HeLa cells, GFP-CLASP2 acts as a +TIP and accumu-
lates at the Golgi and cell cortex (Figure 4A); the distribu-
tion of GFP-CLASP2 resembles that of endogenous
Figure 2. MT Network in APC1638T MEFs
(A–F) Immunofluorescence analysis. Wild-type (A, C, and E) and
APC1638T (B, D, and F) MEFs were examined 4 hr after migration (to-
ward the right) into a wound. Antibodies against tyrosinated tubulin
(A and B), acetylated tubulin (C and D), and EB3 (E and F) were used.
The scale bar in (A) represents 7.5 mm, in (E), 2.5 mm.
(G) Comparison of stable and total MTs. Fluorescence intensities of
acetylated tubulin and b-tubulin were quantified for two wild-type
and two APC1638T MEF lines 4 hr after migration into a wound.
More than 50 cells were measured from each genotype and for
each staining. SEM is indicated.CLASP2 [15]. Time-lapse analysis revealed dynamic
‘‘comet-like’’ dashes, which represent ‘‘plus end track-
ing’’ GFP-CLASP2 at the ends of polymerizing MTs
(Movie S1). We refer to other intracellular increases in
GFP-CLASP2 signal, which do not have a ‘‘comet-like’’
shape and hardly move compared to ‘‘plus end track-
ing’’ CLASP2, as ‘‘accumulations’’ or ‘‘CLASP2-positive
domains.’’
To examine dynamic GFP-CLASP2 behavior in rela-
tion to stable MTs, we first analyzed diffusion character-
istics and conformation of soluble GFP-CLASP2 by us-
ing fluorescence correlation spectroscopy (FCS) and
Photon Counting Histogram (PCH) approaches (Sup-
plemental Data and Figure S4). Our data suggest that
soluble GFP-CLASP2 is monomeric, consistent with
a report of experiments using mitotic Xenopus laevis
extracts [17].
We next investigated GFP-CLASP2 in HeLa cells by
using fluorescence recovery after photobleaching
(FRAP). We bleached regions in the interior and at the
edge of cells (Figure 4A). In the interior, recovery was
very rapid (Figure 4B). By contrast, GFP-CLASP2 recov-
ery at the cell cortex was slower and appeared to be bi-
modal, with a relatively immobile fraction that did not
recover within the time frame of the experiment and
a more mobile fraction with a half-time of recovery of ap-
proximately 1 s (Figure 4B). These data suggest that
GFP-CLASP2 is retained by at least two different mech-
anisms at the cortex of HeLa cells.
Phosphatidylinositol-3 (PI-3) kinase is an important
regulator of CLASP2 localization at the leading edge of
motile cells [3]. The effect of PI-3 kinase seems to be me-
diated in part by LL5b, which can bind phosphatidylino-
sitol-3,4,5-triphosphate (PIP3) [16]. Because ACF7 can
crosslink MTs and actin, the actin cytoskeleton may
also regulate cortical localization of CLASP2. We tested
whether inhibition of PI-3 kinase activity by wortmannin,
or disassembly of the actin network with cytochalasin D,
affected the dynamic behavior of GFP-CLASP2. When
added to serum-grown cells, these compounds had
a clear effect on cell morphology and the cortical local-
ization pattern of CLASP2 (data not shown). However,
the dynamic behavior of GFP-CLASP2 was not signifi-
cantly altered (Figure 4C and data not shown).
GFP-CLASP2 Behavior in Nonmotile 3T3 Cells
To analyze CLASP2 dynamics during cell migration, we
generated 3T3 cells expressing GFP-CLASP2 under
control of the reverse tetracyclin transcriptional activa-
tor (rtTA, see the Supplemental Data). Control experi-
ments suggested that GFP-CLASP2 recapitulates the
behavior of endogenous CLASP2 in these cells (Fig-
ure S5). In 3T3 cells, GFP-CLASP2 is present in at least
three fractions: a diffuse cytoplasmic pool, a MT end-
bound fraction, and in accumulations near the leading
edge, near the Golgi complex and near focal adhesions.
FRAP analysis of GFP-CLASP2 in nonmotile 3T3 cells
demonstrated that GFP-CLASP2 recovered much faster
in the cytoplasm than in accumulations (data not
shown). In the latter, GFP-CLASP2 partitioned again
into relatively mobile and immobile fractions (Figures
4E and 4F). Nocodazole treatment did not affect behav-
ior of GFP-CLASP2 in accumulations (Figure 4F, see
also Movie S3), indicating that the protein is maintained
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tion in HeLa Cells
(A–C) HeLa cells, transfected with a scramble
siRNA oligo, were fixed 3 days after transfec-
tion and stained for CLASP2 (green in merge)
and ACF7 (red in merge). CLASP2 and ACF7
accumulate at the cell cortex. Note that there
is not a complete colocalization.
(D–I) HeLa cells were fixed 3 days after trans-
fection with different siRNAs against ACF7
and stained for CLASP2 (green in merge)
and ACF7 (red in merge). Cells depleted of
ACF7 (indicated by asterisks) show reduced
CLASP2 signal at the cell cortex. MT-end
staining of CLASP2 (indicated by arrows in
merges) is not affected.
(J–L) HeLa cells, transfected with siRNAs
against CLASP1 and CLASP2, were fixed 3
days after transfection and stained for
CLASP1 and CLASP2 (green in merge) and
ACF7 (red in merge). Cells depleted of
CLASPs (indicated by asterisks) still show
ACF7 staining at the cell cortex. Scale bars
in (A) and (D) represent 10 mm, in (G) and (J),
7.5 mm, and in (C), (F), (I), and (L), 3 mm.independently of dynamic MTs. These data are consis-
tent with the observation that the interaction of CLASP2
with the cell cortex is mediated by its C terminus, which
does not bind MTs [15] but does bind LL5b [16]. The
recovery of the mobile GFP-CLASP2 fraction could be
fitted as described [18]. This yielded a koff of 0.31 s
21
with a corresponding half-time of recovery of 2.2 s.
This recovery of GFP-CLASP2 is somewhat slower
than in HeLa cells.
GFP-CLASP2 Behavior in Migrating 3T3 Cells
Wound-healing experiments were performed so that the
behavior of GFP-CLASP2 during cell motility could be
investigated. GFP-CLASP2 redistributed toward the
leading edge within 3–5 min after serum addition (data
not shown) and was subsequently continuously tar-
geted toward this area (Figures 4G and 4H, see also
Movies S4 and S5). High-resolution imaging of GFP-
CLASP2 in motile cells showed that ‘‘plus-end-tracking’’
protein was present, in addition to GFP-CLASP2accumulations at the leading edge (Movie S6). Because
cells move, GFP-CLASP2 accumulations at the leading
edge also change position (Figure 4I). With respect to
a stationary point, the accumulations remained at one
position for 49 6 19 min (22 accumulations counted,
SD indicated). Thus, these domains generally turn over
in less than 1 hr.
To analyze the intracellular mobility of GFP-CLASP2,
we bleached a relatively large area of a motile cell (Fig-
ures 4J–4L, see also Movie S7), that included a lead-
ing-edge accumulation. We then selected small regions
of interest (ROIs) inside and outside of the bleached
areas to compare fluorescence in ROIs that contained
an accumulation of GFP-CLASP2 to fluorescence recov-
ery in cytoplasmic areas adjacent to accumulations. As
shown in Figures 4J–4L, fluorescence recovery in ROIs
within a GFP-CLASP2 accumulation is incomplete and
slower compared to recovery in ROIs adjacent to the
area of local GFP-CLASP2 accumulation. We subse-
quently performed circular spot bleachings in motile
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(A–C) FRAP analysis in transfected HeLa cells. GFP-CLASP2 localizes at the ends of growing MTs (arrows) and accumulates at the cell cortex. In
(A), a still image of a high-resolution time-lapse experiment (Movie S1) is shown. Transfected cells were bleached in the cell body (internal, n = 9)
and at the cell cortex (edge, n = 11). Average fluorescence recoveries are shown in (B). In (C), fluorescence recovery at the edge in untreated cells
is compared to cells treated with 100 nM wortmannin (n = 8). In (B) and (C), time (s) is on the horizontal axis, and relative fluoresence (normalized
to 1) is on the vertical axis. The scale bar in (A) represents 2.5 mm.
(D–F) FRAP analysis in nonmotile 3T3 cells. GFP-CLASP2-positive accumulations were bleached (region of interest, or ROI, 1). Fluorescence
intensities were measured in ROIs 1–4. In (F), the average fluorescence recovery is shown from accumulations measured in different cells
(n = 16, untreated cells; n = 10, nocodazole-treated cells). In (E) and (F), time (s) is on the horizontal axis and relative fluoresence ([E], expressed
as percentage; [F], normalized to 1) on the vertical axis. The scale bar in (D) represents 1.5 mm.
(G–I) GFP-CLASP2 behavior in migrating 3T3 cells. (G) and (H) show migrating cells 30 and 90 min after serum induction, respectively. The arrow
in (G) (30 mm) indicates direction of migration. The complete time-lapse analysis is shown in Movies S4 and S5. The asterisk indicates the nucleus
of a migrating cell. White round dots represent a stationary circle, within which fluorescence intensity of GFP-CLASP2 was measured during the
time-lapse analysis. This intensity is depicted in (I), where the arrows indicate the 30 and 90 min time points. A.U. stands for arbitrary units.
(J–L) FRAP analysis in migrating fibroblasts. Cells were bleached (ROI 1, stippled rectangle in [K]), and fluorescence intensities were measured in
the indicated ROIs. In (J) and (K), selected still images are shown. The arrow in (J) (5 mm) indicates direction of cell migration. The complete time-
lapse analysis is shown in Movie S7. In (L), fluorescence intensities are plotted with time (s) on the horizontal axis and with relative fluoresence
(percentage) on the vertical axis.
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these data indicate that also at the leading edge of mo-
tile cells, GFP-CLASP2 is immobile compared to protein
in adjacent areas.
In the epithelial Ptk1 cell line, CLASP2 is a +TIP in the
cell body but is associated with the MT lattice of ‘‘pio-
neering’’ MTs in the lamellipodium of migrating cells
[19]. GFP-CLASP2 exchange on lamellipodial MTs is
fast, with a half-time of recovery of approximately 600
ms. The behavior of GFP-CLASP2 in 3T3 and HeLa cells
differs significantly from that in Ptk1 cells. Because ‘‘pio-
neering’’ MTs are not stabilized, we propose that migrat-
ing Ptk1 cells lack components in their lamellipodium
that can render CLASP2 more immobile and cause MT
stabilization.
Whereas the data in MEFs show that CLASP2 is in-
volved in MT stabilization and is required for efficient
persistent motility, results in HeLa cells and with GFP-
CLASP2 start to indicate the order of events in
CLASP2-mediated MT stabilization. CLASP2 accumu-
lates in domains at the edge of cells through interaction
with LL5b, ELKS [16], and possibly ACF7 and other fac-
tors. Because wortmannin, cytochalasin, and nocoda-
zole do not significantly modulate CLASP2 behavior in
accumulations, we hypothesize that regulation by PI-3
kinase and actin is at the level of upstream factors, for
example, LL5b, which is quite an immobile protein [16].
The amount of upstream factors determines the number
of monomeric CLASP2 molecules in a particular domain
at the cell edge. MT stabilization in CLASP2-positive do-
mains might be related to its +TIP properties. MT-lattice
binding of CLASP2 is allowed by the local inactivation of
glycogen synthase kinase-3b (GSK-3b), downtream of
PI-3 kinase [3], or the small GTPase Rac1 [19]. Whereas
a MT is bound in a CLASP2-positive accumulation,
monomeric CLASP2 molecules continuously exchange
(in a bimodal fashion). The residence time of GFP-
CLASP2-positive domains in migrating cells might pro-
vide an estimate of the turnover time of stable MTs.
However, MT stabilization by CLASP2 is temporary so
that efficient persistent motility can be allowed.
Supplemental Data
Supplemental Data include additional Results, Experimental Proce-
dures, five figures, and seven movies and can be found with this
article online at http://www.current-biology.com/cgi/content/full/
16/22/2259/DC1/.
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